histological, biomechanical testing, and biocompatibility would be used as endpoints in proof of efficacy and safety. It was proposed that animal studies be based on rationale derived from the literature. The purpose of this review is to appraise published animal cartilage repair models and suggest guidelines for preclinical cartilage repair studies. Cartilage repair method development activity is now a global initiative throughout Europe, Asia, and the Americas, so in formulating this recommendation paper, it was necessary to consider the different regulatory and experimental environments in these regions and find some commonalities that would drive congruent and possibly shorter development pathways leading to highly efficacious cartilage repair methods.
A primary endeavor of experimental biology is to create model systems that are predictive of outcomes in patients that in themselves are highly variable. This is especially true in cartilage repair, where lesion size, location, depth, number and age, intercurrent disease, activity level, previous treatments, and other factors affect outcomes. For this reason, animal model use requires some assumptions and simplification to reduce the inherent variability seen in patients. The ideal animal model would develop spontaneous chondral lesions in the medial or lateral compartment of the femorotibial joint, and these lesions would enlarge over a few months, during which time they could be identified with noninvasive methods such as imaging or biomarkers. The ideal animal model would be large enough for gait analysis studies and manipulative tests, as well as high-resolution quantitative imaging and arthroscopic interventions, but not require expensive or special care facilities. Assessment of pain and lameness would be quantifiable and correspond to lesion severity. Relative cartilage thickness and geometry of the femoral condyles in the animal knee (stifle) joint would be similar to the human knee such that fixation and retention of repair constructs would be possible. Rehabilitation regimes, including reduced weight bearing, continuous passive motion, and physiotherapy, would be used, and progression of repair and healing would be evident because the aforementioned outcome measures would agree. Most important, the biologic repair response would be predictive of active adults, who comprise much of the patient population needing cartilage repair.
Clearly, the ideal model is not attainable, so stakeholders with specific interests have developed model systems that are practical for their goals. Since research and development groups in academic and industrial settings face daunting financial and time limitations, model conditions are optimized for specific applications. A simplified model system and stepwise approach may be necessary to elucidate the strengths and weaknesses of any new cartilage repair procedure. This approach initially leads research and development groups away from complex and potentially more highly predictive models to simpler models in rodents, guinea pigs, or rabbits to solve specific problems such as retention or fixation, survival of implanted cells, dose response, or modulation of the biologic response. To complete a series of such experiments, such laboratory animals are used in short-or medium-term experiments with several evaluation points usually lasting fewer than 90 days. The outcomes from such screening studies are primarily morphological with reliance on histology but may include other outcomes such as mechanical, biochemical, and molecular analysis of repair tissue depending on the interests or goals of the researchers. Once proof of principle for the cartilage repair procedure or product is established, pilot studies with large animal species, including the dog, pig, sheep, goat, and horse, are conducted, and finally, pivotal studies from 6 months up to a year or longer are required. Ideally, progression of cartilage repair is followed at intervals by procedures that mimic human clinical trials, including arthroscopic biopsies, in vivo imaging, and kinematic analysis. Human and veterinary specialists in musculoskeletal imaging, surgery, physiology, and pathology who are intimately familiar with the natural history of chondral lesions should be consulted for input into the design and analytical outcomes to ensure fidelity between models and clinical reality.
Other groups with a vested interest in the development of cartilage repair include investors, regulatory agencies, clinicians, and patients. Each can benefit from a better understanding of the predictive value and limitations of animal models. In return for their support, the research community needs to deliver timely, accurate, and predictive data that facilitate the arrival of new cartilage repair methods in the clinical setting.
In Vivo Preclinical Procedures Animal Age and Cartilage Maturity
Any novel therapy aimed at treating adult patients should ideally be tested in experimental animals that have achieved skeletal and articular cartilage maturity. The underlying rationale for cartilage maturity is that chondral defects do not typically repair spontaneously, as described in detail below, as they do in the neonate and juvenile. The age of adult equivalency has been proposed for articular cartilage repair models on the basis of growth plate closure in the evaluation of biomaterials, 3 but these might not be adequate to predict the biological response of cartilage. It is important to note that skeletal maturity as defined by growth plate closure may be difficult to characterize because individual growth plates and secondary centers of ossification may remain radiographically evident for some time after exponential growth of long bones has ceased. For instance, the tibial crest apophysis may remain open up to 4 years of age in horses 4 and cattle, although this would have little impact on cartilage repair in the femorotibal joint since the distal femoral and proximal tibial growth plates are closed by 2 years of age, and the femorotibal joint at this time meets more stringent criteria for cartilage maturity discussed here. Although sexual maturity in people and some animals occurs at nearly the same age as growth plate closure, 5 growth of long bones continues to occur in some species and varies according to anatomic location. Articular cartilage maturity, as indicated by the structural features of adult tissues such as zonal organization, 6 also occurs at different times compared to the closure of the epiphyseal growth plate. In humans, articular cartilage maturity as defined by these morphological properties is achieved near puberty, whereas the epiphyseal plate closure is reached significantly later. 7 If growth plate closure is not a reliable indicator of the biologic response of articular cartilage to injury, a more orthodox approach would be to consider criteria that directly define adult cartilage maturity and its repair capacity. In this context, articular cartilage maturity is reached when chondrocyte growth and proliferation are completely arrested, a continuous layer of calcified cartilage separates the articular cartilage from subchondral bone, and the subchondral bone plate is minimally vascularized. 8, 9 At this point, mature articular cartilage also demonstrates a degree of regional biochemical and biomechanical properties associated with a history of functional demands that are not found in juvenile tissue. 10, 11 Irrespective of the criteria chosen, the primary age-related concern for cartilage repair models is an absence of the capacity for intrinsic repair, which is the case in the adult human. Intrinsic repair is the ability for chondrocytes themselves to proliferate and produce new functional matrix without the contribution of vascular elements. 12 Such scarless healing is well documented in embryonic and neonatal cartilage 13 and is not present in adult patients. A common limitation of many rabbit cartilage repair studies is the use of immature rabbits with a robust intrinsic repair response that is not representative of the adult human. Skeletal and cartilage maturity of the rabbit is generally reached at 7 to 8 months of age. Wei and Messner 14 demonstrated that full-thickness articular cartilage repair in adult (8-month-old) rabbits was slower to reach the same level of fill and demonstrated inferior quality repair tissue than adolescent (5-month-old) and immature (3-month-old) rabbits at up to 12 weeks. 15 In a subsequent study by the same authors, fill was similar for all aged rabbits at 24 and 48 weeks postoperatively, and the superior lateral integration and tissue quality demonstrated in adolescent and immature rabbits at 24 weeks persisted to the 48-week time point. These data are compelling and in many ways set the gold standard by which the cartilage maturity of other species should be assessed. For this reason, rabbits aged to a minimum of 8 months are preferred since they more closely represent young adult patients. When rabbits less than 8 months old are used, such studies will overestimate the success of repair possible in other species, including humans. The main utility of the rabbit model is for proof of concept, formulation screening, mechanisms of action, and safety (see Table 1 ). A new product development program based solely on one species such as the rabbit is not recommended. The requirement for purpose-bred mature rabbits creates logistical barriers in most countries because the availability of retired breeders is limited, and purchasing younger rabbits to hold them in research facilities for months has practical limitations.
Goats and sheep are readily available from commercial and agricultural suppliers as 2-year-old or older animals. Animals of this age are considered mature based on the aforementioned criteria of zonal architecture, lack of spontaneous intrinsic repair response, and continuous calcified cartilage layer. Purpose-bred rather than random-source dogs are now required by most institutional review boards. Two-year-old dogs are considered mature based on the histology of their subchondral bone plate. Domestic and minipigs have closed distal femoral growth plates and most of the characteristics of mature cartilage by 18 months, although vascular penetration through the calcified cartilage is often present, 16, 17 and slightly older animals would be preferable. Osteochondritis and cartilage growth deformities are common in domestic pigs unless their growth is restricted by diet and breeding. 18 The horse has been previously used as a clinical cartilage repair model in the distal femur and metacarpophalangeal joint. As in most large animal species, metaphyseal growth plate activity is variable from site to site. The horse is considered postpubescent at 18 months of age, with full maturation of the distal femoral cartilage, including formation of a tidemark, by 24 months of age. 19 Horses 2 years or older should be screened for naturally occurring disease, including osteochondritis dissecans and subchondral bone cysts in the femorotibial and femoropatellar joints before being admitted into a study.
It is important to consider the potential effect of age in repair models where the subchondral bone is fractured or debrided to elicit cartilage repair. The density and structure of subchondral bone and resident cell populations may be age dependent, but few published data are available. Morphometric criteria such as cell density and calcified cartilage thickness as well as markers of vasculature or the ability of subchondral-derived stem cells to proliferate and participate in cartilage repair might be useful in establishing comprehensive criteria for cartilage maturity. Until these parameters are established, researchers must carefully consider factors associated with cartilage maturity and the inherent variability in animals raised in different conditions when using animals for models of cartilage repair.
Choice of Animal Species
The FDA draft guidance 1 and the ASTM guideline for devices intended for cartilage repair 3 contain many references to the utility of large animal species such as the goat, sheep, and horse in cartilage repair models. Nevertheless, smaller laboratory animal models are valuable tools in the early stages of development for cartilage repair therapies and products.
Rodents will continue to be widely used for screening of new biomaterials and cell-laden constructs as subcutaneous implants. The rat may be unique in that it is one of the only species where pain outcomes are well validated. 20 Although rats may be valuable for screening treatments or devices for osteochondral repair with drill-hole models, articular implants are less practical because of the very thin articular cartilage, making the defect volume miniscule compared to human chondral defects. Furthermore, growth plates remain open during adulthood, creating a highly vascularized epiphysis, which may contribute to intrinsic cartilage repair. 21, 22 These factors necessitate the use of other animal models to corroborate rodent model results.
Other laboratory animals such as the guinea pig are widely used in osteoarthritis models but are generally too small for cartilage repair experiments. Physical and behavioral limitations of laboratory animals make larger animals Possibly the most often studied species for cartilage repair models is the rabbit, which is widely selected because of its availability, relatively low cost, simple handling requirements, and abundant base of literature for comparison. The cartilage repair literature is replete with studies describing osteochondral healing in 3-mm diameter and 3-mm deep defects, but these are not representative of the chondral lesions found in patients. Careful creation of fullthickness chondral defects that do not penetrate the subchondral bone plate can be achieved in the rabbit 23, 24 to facilitate study of cell-based and marrow stimulation repair methods. Complete filling with a fibrocartilage repair tissue is also reported in full-thickness chondral defects in adult rabbits treated with large-diameter subchondral drilling, [25] [26] [27] which provides the basis for comparison and testing of new repair techniques. Indeed, rabbit models of cartilage repair have provided a large part of the supportive documentation for devices and therapies in the past. 1, 3, 24, 28, 29 Recent meta-analysis of rabbit studies for cartilage repair 30 provides support for the use of this species as a standard in the early development of repair therapies or products. Notwithstanding, two concerns are the age of maturity mentioned previously and the thin cartilage in this species that often leads investigators to create osteochondral rather than chondral defects, making histological confirmation of defect depth mandatory.
The dog has been widely used for osteoarthritis, 31 joint injury, 32, 33 and meniscal healing studies 34, 35 and some cartilage repair procedures, [36] [37] [38] but its status as a companion animal makes it less attractive to researchers. As in the rabbit, pure chondral lesions are difficult to create in the thin cartilage of this species. Dog models of full-thickness defects have been created with and without damage to the subchondral plate to test the effect of cell delivery. 36, 39 Dogs are easily trained, and thus controlled weight bearing and rehabilitation using swimming, underwater treadmills, and physiotherapy provides an advantage. Arthroscopic secondlook procedures and biopsies are possible, but access to the femorotibial joints is limited. Perhaps the greatest strength of dog studies for cartilage repair is that kinematic and ground reaction forces can be used to assess gait, and weight bearing can be accurately characterized throughout the study. 40 Beagles and other chondrodystrophic breeds have short limbs, so the knee joints are more difficult to operate on and assess; for this reason, large breed dogs are recommended, although commercial availability is limited. The dog has a requirement for a high level of environmental enrichment, including contact with caregivers, that should be taken into consideration when working with this species.
Goats and sheep are frequently used in cartilage repair models because the knee joints are large enough to create lesions as large as those treated in patients (0.5-1 cm 2 ). These species are also popular models for osteochondral grafting [41] [42] [43] and meniscal repair. [44] [45] [46] Both sheep and goats share similar characteristics, although the goat has slightly thicker cartilage. 47 The larger defect size and thicker cartilage layer permit biochemical assays of cartilage repair tissue, including DNA, sulfated glycosaminoglycan, and collagen content, in addition to histology. 48, 49 Like other larger farm animals, based on biomechanical testing, the subchondral bone plate of sheep and goats is well developed and very stiff compared to the human. 50 This feature of the subchondral bone dulls surgical tools and instruments quickly during bone cutting and drilling or debridement of calcified cartilage. Subchondral bone cysts are reported as a complication in these species around drill holes or when the subchondral plate is widely disrupted. [51] [52] [53] Access to the anterior one-third to one-half of the medial femoral condyle and the entire trochlear groove is possible via arthrotomy and by arthroscopy using a small (3.5-mm diameter) arthroscope, although partial resection of the fat pad may be necessary to improve access to the femorotibial joint. The thin cartilage (0.4-1.3 mm) in these species 47 makes retention of sutured flaps challenging, 54 although a high success rate has been reported. [55] [56] [57] Fixation of cell-laden constructs with fibrin glue or press-fitted into carefully prepared defects is possible but less successful than sutures. 57 Both the goat and sheep are amendable to magnetic resonance imaging (MRI) 58, 59 because they fit into conventional superconducting MRI units; however, the knee joints themselves are much smaller. The flared geometry of the proximal limb makes use of human receiver coils challenging, which can be overcome with the use of customized coils. Anesthesia and analgesia protocols as well as housing conditions are well established and easily provided, making well-powered studies possible. These species are gregarious flock animals, and less environmental enrichment is needed if they are housed in small groups. Short-term (2-4 weeks) postoperative therapy and reduced weight bearing using a hind limb 60 or full-body sling 61 are possible in sheep and goats. Long-limb rigid casts can be used 62 to reduce the shear forces associated flexion-extension but do not abolish weight bearing and require daily monitoring for complications.
Domestic and mini-pigs have been used as models because of the thick cartilage in this species, particularly the domestic pig. Fast-growing domestic pigs commonly present with subchondral bone abnormalities and very soft, thin, and irregular subchondral bone plates due to osteochondritis dessicans and similar developmental lesions. 63 In many cases, domestic pigs are used in short-term studies before they are fully mature 64 because pigs older than 2 years of age are large and difficult to handle. The same cautions about using immature rabbits in developmental studies apply here. 64 Mini-pigs are more tractable, and although critical-sized osteochondral defects are most often published, [65] [66] [67] chondral defects have also been created successfully and are more representative of human cartilage repair. 17 Osteochondral defect results are published for defect locations in both the femoral condyle and trochlea 68 for comparison. Subchondral cystic lesions similar to other species have been reported as a complication. Critical-sized cartilage-only lesions and age for cartilage maturity are not well characterized in the mini-pig. The long oropharynx, thick subcutaneous fat layer, and special handling requirements of this species create challenges during intubation, venipuncture, and surgery, and as with all species, investigators should obtain knowledge of the pharmacology, anesthesia, and housing requirements of this species.
The main advantages of the horse model are the large joint size and thick articular cartilage layer 47 with easy arthroscopic joint access. 69, 70 As with all species, there are some challenges in the horse model. Unlike the human knee, the equine knee joint is compartmentalized into 3 synovial cavities. There is limited access to the femorotibial joints and menisci compared to the human, but the femoropatellar joint is accessible by a minimally invasive arthrotomy or arthroscopy. Standard size (4.5-5.0 mm diameter) arthroscopic equipment can be introduced through multiple portals, making complex manipulations such as fixation of cell-laden constructs 71, 72 or osteochondral grafts 73 possible. Critically sized defect models have been developed in both the equine femoral trochlear ridges and medial femoral condyles. 47, 70, 71, [74] [75] [76] [77] Multiple critical-size defects can be made arthroscopically, and the calcified cartilage layer may be retained or resected as needed. 47 The calcified cartilage in horse is approximately twice as thick as human and other species, 47, 78 and the subchondral bone is markedly harder and mineralized, 50, 79 creating a substantial barrier to extrinsic repair from the bone marrow compartment. The large size and thickness of cartilage (1.5-3.0 mm) in the horse create an opportunity to harvest and analyze larger volumes of repair tissue so multiple outcomes are possible such as biochemistry, histology, and biomechanical studies. Microfracture, 69, 75 osteochondral grafting, 73 and singlestep 77, 80 and multiple cell-based cartilage repair 72,81-83 have been successfully evaluated in this species.
As in the dog, horses can be monitored with respect to the clinical response to cartilage repair by assessment of lameness, but high-quality data from ground reaction forces recorded with force plates and motion analysis are expensive and time-consuming to acquire and analyze. Diagnostic imaging of the knee joint is limited because the bulk of the upper hind limb interferes with MRI. The carpus and tibiotarsal joints are more amenable to such imaging, but these joints have thinner cartilage (1 mm), and the joint geometry is less relevant to translational studies. A second-look arthroscopy and biopsy is usually the cornerstone of equine studies, allowing assessment of repair progression. Postoperative exercise but not the degree of weight bearing can be controlled. For this reason, most repair studies are done in the proximal-mid aspect of the medial or lateral trochlear ridge of the femur, which is thought to be partially protected from direct weight bearing. As mentioned previously, the articular cartilage in the femoropatellar and femorotibial articulations is closely comparable to human, 47 although the medial femoral condyle subchondral bone plate is very thick and has an ultimate strength 2 to 3 times that of human bone. 50, 79 Use of horses with naturally occurring disease such as subchondral bone cysts can be used to evaluate repair strategies; however, the biology of these osteochondral defects in the femoral condyles is fundamentally different from chondral lesions in human patients. 83 In other joints such as the carpus and metacarpophalangeal joints, pathologic change in the subchondral bone drives joint disease in this species. Generally, the horse as research model is valuable in the context of cartilage repair, although in some jurisdictions, the horse, like the dog, is considered a companion animal. The specialized facilities and care that these animals require often make the horse a model that is used for late-stage development and pivotal studies.
Nonhuman primates have been used sparingly in cartilage repair research because of expense, availability, and societal concerns. Nonhuman primate use is indicated when dose response of biologics needs to be evaluated since the effective dose in the human is frequently different from laboratory and farm animals. Primates are also used when elucidation of immune compatibility is needed, for example, when animal origin biomaterials are developed. 84 Otherwise, at the present time, there is no consensus that primates are a necessary step in cartilage repair research.
Regional availability and familiarity with a species may influence the choice of species. Our present understanding of animal models makes them appropriate to explore cellular and molecular mechanisms, dose response, physical geometry, fixation, integration, and interactions between components. At the present time, it is clear that initial studies in rodents, rabbits, or pigs followed by developmental and then pivotal studies in the horse, sheep, or goat have been critical to the success of new cartilage repair methods now in clinical use. However, there is no specific animal model or group of models that predicts the completeness and durability of repair in human patients at the current time. Some of the reasons for this are discussed in the following sections.
Articular Cartilage Thickness in Animal Models
Interspecies differences are highlighted in several recent studies of articular cartilage thickness in the knee of animal species used for preclinical studies. Point-by-point mapping of regional differences in the knee is needed to facilitate choice of species and location in animal models. Frisbie et al. 47 found the average articular cartilage thickness over 5 locations was 2.2 to 2.5 mm for adult human and 0.3 mm for rabbit, 0.4 to 0.5 mm for sheep, 0.6 to 1.3 mm for dog, 0.7 to 1.5 mm for goat, and 1.5 to 2.0 mm for horse. Average cartilage thickness reported by Archibald et al. 50 was
Calcified Cartilage and Subchondral Bone Plate Anatomy and Response to Injury
The primary reason for interest in the comparative anatomy of the subchondral bone plate is that the calcified cartilage layer is thought to be a barrier that limits the contribution of extrinsic repair to chondral defects (i.e., repair elicited from cells other than chondrocytes). This is relevant when there is uncertainty whether cell-based or other therapies are contributing directly to cartilage repair rather than directing or improving subchondral bone marrow-derived extrinsic repair. Cell tracking or other methods to confirm that the implanted cell population is represented in the repair tissue are valuable. Likewise, retaining an intact subchondral bone plate and calcified cartilage layer allows investigators to make stronger inferences about the origin of repair tissue in cell-based repair. In fact, such containment is probably not consistent with the application of cellbased therapies in humans where subchondral bleeding in the repair site is considered deleterious 86 but difficult to control in all situations. The influence of transplanted cells on reparative cells from multiple sources may be as or more important than the transplanted cells themselves. 84 A recent study has performed cell tracing using iron oxide particles in chondral defects with no intentional penetration of the subchondral bone plate and found that only 25% to 33% of the cells in chondral repair tissue at 12 weeks were from the transplanted population, whereas the majority of cells were from subchondral bone. 17 This result is consistent with previous studies tracing labeled cells using different techniques where only a small fraction of cells in repair tissue is found to be from the implanted cells. 87 One study is often cited as evidence for the persistence of implanted chondrocytes 88 but only reported labeled cells detected in 1 animal at 10 weeks or beyond after cell delivery, and this result should not be overinterpreted as general evidence of residency of implanted cells. The above studies and others also suggest that transplanted cells may migrate into the subchondral compartment, generating persistent cartilaginous tissue below the cartilage bone interface in a former bony site. If regulatory agencies require evidence about the provenance of repair tissue, then robust data tracing cell origin that is free of sampling bias need to be gathered.
In histology of human cartilage, the subchondral vasculature is often visible within the calcified cartilage layer. [89] [90] [91] As a result, once chondral lesions are full thickness, they may have access to marrow elements. Subchondral sclerosis in chronic lesions may reduce the availability of vasculature to contribute to the repair process, and the thicker, more mineralized subchondral bone plate of the larger animal species may mimic this condition.
In the healthy human knee, the calcified cartilage and subchondral bone plate are very thin. The subchondral bone plate is 0.2 to 0.5 mm thick 79, 90 and composed of a condensation of a single horizontal trabecula supported by an open network of vertical trabeculae. The human subchondral bone plate has a very low bone volume fraction and low bone mineral density compared to farm animal species. 8, 79, 90 Although the dog, sheep, and goat may have a bone mineral density (BMD) comparable to humans, all animals have a 2 to 3 times thicker subchondral bone plate than the human. 79 Although not optimal, as mentioned earlier, this may be acceptable since some late-stage chondral lesions are accompanied by subchondral sclerosis and a thick subchondral bone plate (1.5-2.0 mm) that is similar to the horse and the other larger (farm) animals.
Since the large species of animals, including the horse, goat, sheep, and pig, are used in pivotal studies, the consequences of their relatively thick subchondral bone plate should be considered. Animal studies using marrow stimulation need to confirm that there is adequate penetration of the subchondral bone plate. Otherwise, there may still be a barrier between experimental chondral lesions and marrow elements. As mentioned previously, a common error in marrow stimulation surgical technique has been an incomplete or irreproducible removal of calcified cartilage layer, creating lower repair tissue volume and attachment in horses 70, 75, 92 and sheep. 53 These studies show that marrow-derived or transplanted repair tissue frequently fails to grow over and adhere to residual calcified cartilage. 70 Residual calcified cartilage may also change biomechanical signaling gradients in a manner that could impede chondrogenesis in the cartilage portion of the defect. 93 The magnification available during arthroscopic surgery is beneficial in controlling calcified cartilage removal or retention, particularly in the horse, 69 where this aspect of defect creation has been well characterized. Removal of too much of the subchondral bone plate may result in subchondral bone collapse, subchondral cysts, and lack of support for the new repair tissue in all species. 39, 53, 81, [94] [95] [96] Since preparation of a standardized experimental defect is a critical step in cartilage repair experiments, a validation study evaluating depth, size, and characteristics of the chondral defect is warranted in nearly all cases. At surgery, the presence of punctate bleeding in the bed of the defect should be documented and digital photos taken to indicate whether the defect has reached vascularized subchondral bone during surgery. If using an arthrotomy, a surgical magnifying loupe to identify capillary bleeding should be used since such bleeding may be difficult to identify in the larger species with very dense subchondral bone plates found in species such as the sheep, goat, and horse. Partial removal of the calcified cartilage layer does not necessarily lead to punctate bleeding from small capillaries that occur within the bony fringes of the irregular calcified cartilage layer. Complete debridement of the calcified cartilage layer may not lead immediately to punctate bleeding that is evident by eye, depending on intraoperative blood pressure, anesthetics, and animal positioning. For these reasons, histological sections through whole, freshly prepared defects, at multiple levels in the defect, are needed during pilot work to quantify average thickness of residual noncalcified cartilage and calcified cartilage inside and outside the defects. A potential postsurgical complication is that load bearing during acute repair periods may induce cracks and fissures in the residual calcified cartilage layer 94 and hyaline cartilage, creating further injury and conduits for host repair cells 96 in addition to causing loss of some implants. 51 Thus, ideally, initial defects should be characterized not only at surgery but also afterward, permitting the animals to load-bear for up to 14 days with and without implant. Whether experimental lesions can be fully contained within the cartilage compartment postoperatively in the larger animal species may remain a contentious issue.
Some experimental conditions such as osteochondral drill holes 97 or the creation of a full-thickness defect with 94 or without any implant 17 result in distortion of the subchondral bone plate 97 and advancement of the tidemark during subchondral bone healing, which results in thin, poorly integrated repair tissue with altered mechanical properties. Subchondral bone overgrowth has been described in chronic chondral defects of patients, and once resected, this did not affect the outcome of cell-based cartilage repair, 98 but Minas et al. 99 described an advancing tidemark or "intra-articular osteophyte" as a potential mode of failure in patients after autologous chondrocyte implantation. Regardless of the origin, tidemark advancement and formation of new subchondral bone within the chondral repair zone should be considered undesirable in cartilage repair studies. Since this is a late complication, long-term animal studies ≥6 months in duration are required in late-stage development and pivotal studies to address this issue. Clearly, there is no animal that comes close to being a good anatomical correlate for the delicately thin human subchondral bone plate. Despite this, the response to injury and repair is predictive in several species as long as the tenets of cartilage maturity, critical-size defects, adequate statistical power, and long-term studies are respected. Although consideration of the subchondral bone should be respected in study design and analysis, the choice of species should be justified according to the specific experimental hypothesis or objective under investigation.
Recommended Operative Procedures Unilateral versus Bilateral Models
In some jurisdictions, bilateral models are not permitted because of humane considerations, although this is becoming less of a concern with better analgesic and postoperative care protocols employing epidural administration 100 and slow-release formulations of analgesics such as fentanyl dermal patches. Unilateral models are considered less stressful for the animals and allow assessment of lameness progression, range of motion, and gait during the study. This simpler design ensures that no contralateral procedure, device, or implant affects the outcome. The main advantage is that postoperative weight bearing and joint motion can be controlled. The main disadvantage of unilateral models is that additional animals need to be used to create fully powered studies that include appropriate control groups. Sometimes this is less satisfactory than controlling animalto-animal variation by having the control treatment in the contralateral limb. The final decision is a balance between a simpler and more robust statistical design with withinanimal controls and the possibility of ipsilateral repair being affected by a contralateral control. Regional differences in animal care regulations and the need to control weight bearing may come into play in the experimental design.
Acute versus Chronic Defects
All patients are diagnosed with chondral defects after a variable period of symptom progression, so these lesions can range from subacute to chronic by the time they are operated. The cartilage surrounding these tissue deficits has a variable zone of injury extending centrifugally with associated matrix degradation and catabolic cartilage metabolism. Modeling of cartilage repair with acute defects is convenient, requires a single surgery for creation and treatment of the defect, and most important provides a reasonably reproducible initial lesion. However, use of acute chondral defects also creates ideal conditions for cartilage healing seldom encountered in the clinic and may be one factor responsible for the discrepancy between promising animal data obtained in an animal model and disappointing performance in clinical trials. Creation of a chronic nonhealing critical-size defect followed by delayed repair 101, 102 may improve external validity of the outcomes. The duration of delay between defect creation and treatment depends on the model, but for large animal pivotal studies, 2 to 3 months or more allows sufficient time for perilesional progression of degeneration. 103, 104 This still would not mimic lesions that develop over longer periods in patients, but the inflammation-driven catabolic aspect in the synovial environment 105 and intraoperative bleeding 106 would constitute a more valid model. Cost and justification of multiple surgeries to animal care regulatory bodies create barriers to this model system, although creation of the index injury using arthroscopy rather than arthrotomy would be less invasive and potentially more acceptable.
Postoperative Care
Although in the past, intra-or postoperative intra-articular injection of local anesthetics was a valuable adjunct in the management of surgical pain, because of reports of chondrocyte toxicity, this practice should be discontinued in cartilage repair procedures. Epidural analgesics may be used in many species. The use of analgesics should be documented through the entire study, and preference should be given to products that do not bind to the osseous structure or interfere with bone repair. Pain can be monitored by implementing subjective assessment methods, activity monitoring, and assessment of animals' ability to socialize and compete with other animals in a small group (large animals) or to maintain body mass and caged activity (rodents, rabbits). Motion analysis and forceplate measurements are ideal but rarely used except in pivotal studies. The severity and duration of postoperative pain and hyperalgesia should be distinguished from chronic pain. Mechanical gait disorders, such as patellar luxation or periarticular fibrosis, may cause lameness that will not be resolved by better analgesia, so steps need to be taken intraoperatively to prevent these complications. Monitoring involves timely, periodic examination of the animal to assess its state of health and the maintenance of written records documenting the regular examination findings. If limb immobilization is recommended, then appropriate care will be required to monitor and change bandages or splints.
Drugs used for postoperative pain include narcotics, narcotic agonist-antagonists, and nonsteroidal anti-inflammatory drugs (NSAIDs). Intra-articular use of analgesics or any other drug should be avoided or at least carefully considered against possible deleterious effects on transplanted cells. NSAIDs may be COX1 or COX2 antagonists, but both are known to influence wound repair and bone healing and should be used sparingly in cartilage repair studies. Narcotics are very useful, and dermal patch delivery systems containing fentanyl are very convenient for rabbits, dogs, sheep, and goats, although they should be supplemented during the intraoperative and immediate postoperative phases with injectable narcotics. Strategies such as adhesive bandages need to be employed to prevent animals from ingesting these dermal patches. Maintenance of intravenous catheters for several days postoperatively is valuable as a conduit for drug delivery, although care must be taken, particularly in the horse, to prevent thrombophlebitis. Intraoperative intravenous antimicrobials are frequently warranted in experimental studies, but since these are classified as "clean" surgeries, postoperative antimicrobials are seldom warranted and may contribute to the development of resistant bacterial strains. The quinalone family of antimicrobials should be avoided because of their ability to interfere with cartilage metabolism. As mentioned previously, intra-articular use of analgesics or any other drug should be avoided or at least carefully considered because of possible deleterious effects on transplanted cells. Use of hyaluronate as a carrier for intra-articular injection of stem cells 107 has been used successfully, and postoperative intraarticular hyaluronate might be considered as a method of restoring joint homeostasis postoperatively. 42, 105 It is important to note that current postoperative rehabilitation regimes in patients usually avoid immediate full weight bearing but allow limited flexion-extension. This is difficult to employ in bilateral animal models. The residency of constructs in unilateral defects can be promoted by short-term (2-3 weeks) joint immobilization or restriction. However, complete immobilization (as in the classical Thomas splint that transmits much of the weight-bearing forces from the foot to the pelvis but prevents joint flexion) can be associated with articular cartilage degradation. Accordingly, partial immobilization is recommended, allowing for approximately 20 degrees of joint flexion and extension, permitting the animal to lie down and stand up spontaneously without aid and still allow weight bearing for balance and limited ambulation. A cast-bandage or hinged brace can be used to partially limit flexion-extension. 55 Whole-body hammock-like slings with cutouts for the limbs can be used for unloading of joints, but a period of preoperative conditioning to this device is recommended. Sling-like devices that partially immobilize or flex one limb may also be used to create a non-weight-bearing condition, 60 recognizing that controlled flexion-extension is harder to attain in animals compared to human patients wearing a knee brace.
Duration of Study
The recommended period for evaluation of preclinical models of cartilage repair is different for pilot or screening studies versus developmental and pivotal experiments. Early studies will necessarily be shorter to control costs and hasten decision making. Biocompatibility testing experiments for rapidly absorbed biomaterials or scaffolds are usually timed according to the life span of the implant, often 6 to 12 weeks, with a positive result providing the impetus for longer safety and efficacy studies of 6 months or more. For biological or degradable scaffolds and cellladen constructs, a positive result at the 3-month time point (i.e., good defect fill) leads to longer efficacy studies of 6 months or greater in duration. Early time points between 1 day and 3 months are often useful to study implant retention, mechanisms of failure, and interacting factors that mediate repair. The cell and molecular physiology of wound repair can be characterized to refine the repair method or dose response. At this time point in large animal models, most repair tissues are still immature, containing a mixture of fibrous connective tissue and fibrocartilage. 75 Maturation of this repair is a critical step that is not entirely predictable, but by 6 months, a mixture of well-attached hyaline-like and fibrocartilage should be present. There should be evidence of lateral integration between the repair tissue and host tissue at this time. Additional matrix organization and cell-type maturation should ensue between 6 and 12 months, but this may be highly dependent on local conditions within the joint, depending on activity, load history, and rehabilitation regime. Failure of animal cartilage repair tissue at the 12-month time point is a well-known phenomenon 106, 107 as the initial organization, particularly the highly specialized superficial collagen network of the repair tissue, may not fully mature to withstand loading. Delamination, superficial fibrillation, and loss of lateral integration are frequently seen. 108 Specific models may have early time points where failure occurs, so in such cases, earlier, often arthroscopic evaluations or biopsies help make the decision of whether to continue the experiment. A longer 9-or 12-month time point should be pursued in a large animal model where controlled weight bearing and rehabilitation might be simulated, or if there are no safety concerns, phase 1 and 2 clinical studies in people may be more valuable.
The obvious exception with respect to study length is in the case of a slowly degrading biomaterial with long residency times where the implant itself remains, wholly or partly, as a scaffold or weight-bearing surface. ASTM guidelines (F2150, F1983, F981) for assessment of biomaterial degradation and biocompatibility should be followed, and these studies may require a year or even longer. However, products that are resident for shorter periods, such as fast-degrading biomaterials and possibly cell and biologically based products, could in principle be evaluated for efficacy using study durations that are 6 months in length, as stipulated in the ASTM guideline F2451. 3 The issues of durability and long-term repair should be considered separate from the primary goal of initial repair and regeneration for the following reasons: assessment of durability of repair is complicated by the nonlinear and largely unknown relationship between human and animal aging and vast differences in load-bearing and behavioral activities. Laboratory animals with short (1-3 years) life spans cannot be scaled accurately to the human life span, although this does not limit their utility for short-term, developmental, or screening studies. Larger animals with life spans of 8 to 10 years or more such as the mini-pig, sheep, goat, and horse present an opportunity for more plausible scaling calculations, but the validity of any proposed scaling cannot be demonstrated at this time. A more widely accepted approach is to consider 6 months of implantation in any animal equivalent to 6 months of use and wear in patients in the case where load bearing and behavioral activities are equal. Thus, durability cannot be extrapolated from duration of implantation as a fraction of life span or from any other apparent experimental design criteria at the current time. Durability is not currently testable in animal models for prediction of durability in humans and can only be appropriately studied in human clinical studies at this time ( Table 1) .
Dose Response
Unlike pharmacological agents, which do require a full dose-response characterization in vivo to obtain a recommended clinical dosage, dose-response evaluation of cartilage repair products may not be relevant because of mechanisms of action that are not amenable to dosage variation or control. Some product compositions are not variable and are simply intended to fill the defect, and therefore the proper dosage may only be related to the defect volume. In this case, a dose-response animal study should seek to identify the dose that leads to restoration of the defect volume. Shrinkage of the repair material over time would be inappropriate, and various formulations would be sought that retain their initial volume but allow infiltration by adjacent chondrocytes or repair cells to achieve integration. In such cases, dose response may be linked to long-term integration and residency without evidence of cartilage degeneration on the opposing articular surface (bipolar or "kissing lesions").
Other products release active factors such as growth factors, so in vitro release kinetics is often established in vitro before pharmacokinetic studies to estimate dosing. In such cases, animal model studies are needed to study degradation of the carrier or scaffold as well as the release of bioactive components into the synovial environment from specific implants. Other products deliver live cells or cover the lesion with a layer of scaffolding, where the precise amount delivered may be related to the surface area of the defect but not necessarily, depending on mechanisms of action that are often not known. For both types of studies, synovial fluid collection, biomarkers of cartilage metabolism, 109 and histological assessments at multiple time points should be considered.
Retention of the implanted cell number and phenotype is also a major concern in passaged cells; dose response in this context may be related to cell density. If stem cells or genetically modified cells are implanted, a detailed characterization of their phenotype is needed because of concerns about their plasticity and the potential for tumorgenicity and escape from the transplant site. In products that deliver cellbased therapies, the dose response may be related to cell seeding density or maturation of constructs in vitro before they are implanted. Characterization of the chondrocyte phenotype using gene or protein expression may be logical steps that can be used for quality assurance and, as the product development matures, in good manufacturing practice (GMP). Biomechanical assessments may reveal important information when host tissue is substituted for the implant.
Therefore, it appears more reasonable to propose that the investigators provide a rationale for the applied dose or dose range that is used to demonstrate a beneficial therapeutic effect in animal studies as opposed to testing a series of different doses.
Mechanical Testing Outcomes
Specific procedures for mechanical testing should take into account the repair strategy. Mechanical testing of material properties of the initial implant may not be relevant with approaches aiming at stimulating cell recruitment, growth, and gradual maturation of repair tissue. Thus, inferior material properties of the initial implant may be appropriate (e.g., cell-based repair without supportive matrix). However, demonstration of implant residence at the site of application for an appropriate time after implantation that is consistent with the principal mode of action is important. In general, the characterization of tissue mechanical properties during repair and maturation provides assurance of functional restoration and one index of durability. Mechanical testing of tissues may involve procedures, such as tissue isolation, that hinder or prevent use afterward for other endpoints such as histology or biochemistry. Thus, the study design may need to include extra animals with defects specifically for biomechanical testing, methods that test only a portion of the repair site, or methods that are nondestructive.
For nonclinical mechanical testing of cartilage repair properties, confined compression or biphasic indentation methods have been proposed. These are classical methods developed decades ago to describe mechanical properties of cartilage and assume tissue structure to be homogeneous and isotropic. However, many physiologically important inhomogeneous and nonlinear tissue characteristics, such as compression-tension nonlinearity, are not captured using these methods. 110 Also, confined compression may not reveal a physiologically relevant dynamic response, 111 and biphasic indentation data that are reduced assuming tissue isotropy do not describe dynamic (instantaneous) properties accurately. 112, 113 Although the methodology for these techniques is well established, they may not address the nonuniformity and complex geometry that is typical of repairing cartilage defects.
Unconfined compression, indentation, and tensile testing protocols can provide additional physiologically relevant information, especially concerning the important integrity of the cartilage collagen network. [114] [115] [116] [117] [118] Several advances in biphasic or poroelastic modeling, enabling more accurate characterization of the cartilage dynamic response, have been introduced and also describe experimental creep or stress relaxation data and to extract material parameters. 119, 120 Therefore, the use of dynamic testing protocols that can capture physiologically relevant dynamic cartilage behavior should be included where mechanical testing is indicated. Furthermore, it should be noted that compression tests presume the availability of multiple, uniform-size osteochondral samples that are difficult to procure from repaired cartilage lesions in animals because of uneven repair tissue surfaces, the hard subchondral bone plate in large animals, and the thinness of the articular cartilage in small animals.
In addition, friction, wear, and fatigue properties are important mechanical properties that should be considered. In particular, excessive friction may be detrimental to the opposing tissue. Excessive wear or fatigue properties may lead to premature deterioration and loss of the implant. Although it is notable that friction and wear analyses of cartilage and implants are rapidly progressing fields, it would be desirable to show, directly or indirectly, that these properties of the implant are appropriate for the mode of action of the implant. The results of such tests are markedly affected by the lubricant fluid used. 121, 122 Possible in vivo methods to characterize the functional integrity of cartilage include indentation techniques. Although many of these techniques and instruments are still in developmental stages, those based on mechanical, 123 acoustic, 124 and electromechanical 125 methods are suitable for in vivo diagnostics and have been shown to provide quantitative information related to tissue structure, composition, and properties.
Imaging and Histology Outcomes
MRI and histological methods that are appropriate for animal studies are presented in 2 companion articles. 49, 126, 127 The reader is referred to these publications for further detailed information.
Good Laboratory Practice and Statistical Analyses
Proof-of-principle and developmental studies require rigidly controlled, meticulously documented conditions that are not strictly required by the FDA to be at the good laboratory practice (GLP) level. Pivotal studies, frequently done in the larger animal species such as the pig, goat, sheep, and horse, are challenging because GLP conditions for all aspects of the study are difficult to establish. For instance, the prior medication and medical history for horses can be difficult to ascertain-for example, hay fed as feed would need a detailed analysis to be considered quality controlled. Instead, many experiments can be conducted in the spirit of GLP or with specific aspects such as the outcome measures conducted according to GLP with a gap analysis of non-GLP aspects. This may be a practical approach since non-GLP and GLP work may be conducted simultaneously in centralized animal facilities, such as an MRI suite or surgical unit. Although outside the scope of this article, a preplanned statistical analysis accounting for multiple outcome measures is essential to ensure proper control of type I and type II errors and the effects of multiplicity and missing values. A good review of these issues can be found in the companion article 128 on patient-reported outcomes for cartilage repair.
To conduct a cartilage repair study in the spirit of GLP, a study protocol would be written and approved prior to initiating the study, and the study design would ensure that sufficient animal numbers are included to obtain significant differences for the analyses that are to be performed. Standard Operating Procedures should be written and validated for all of the key procedures used in the study (i.e., preparation of the test article, surgery, postoperative care, necropsy, macroscopic scoring, histology, lameness tests). Written documentation in laboratory notebooks should be used, and certificates of characterization of all test articles and sterility tests should be documented. All of these steps will ensure the traceability and fidelity of the data obtained.
Conclusions
At the present time, it is clear that initial and developmental studies in rodents or rabbits followed by developmental and pivotal studies in the horse, sheep, and goat have been critical to the success of new cartilage repair methods now in clinical use. All developmental and pivotal studies should use animals with mature cartilage as defined by zonal organization of the extracelluar matrix and a continuous calcified cartilage layer and tidemark. Larger animals that allow arthroscopic procedures are more amendable to delayed repair models that mimic the chronicity and catabolic environment present in many patients' joints. Initial short-term trials with promising results could lead to pivotal experiments that should analyze repair outcome after a minimum of 6 to 12 months of repair. Outcome measures should minimally include implant residency (biomaterial clearance, cell tracking), macroscopic scoring, and histological analysis, and cartilage biochemistry, biomechanical testing, and 3-dimensional imaging are also recommended. Protocols, procedures, and written documentation carried out in the spirit of GLP can help generate FDA-compliant proof-of-efficacy documents. Quality assurance and preplanned statistical analyses can also help generate preclinical data useful in obtaining regulatory approval leading to a clinical trial.
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